The aim of this paper was to compare the annual economic impact of a large-scale bio-coal pellet plant by raw material specifically for the Finnish Lakeland region. In this study, the total production volume of the theoretical plant was 200,000 tons per year and the raw wood materials used were birch pulpwood, spruce pulpwood, pine pulpwood, and energy wood. These wood materials were young delimbed wood from early thinnings. The main goal of the paper was to illustrate that the energy content differences of raw wood materials affect the economic profitability of a bio-coal pellet plant at regional level. In this case, wood type also has a regional economic impact, which the pellet plant can influence through its raw wood material choices. The raw material comparison was based on measured data and not computational or literary data alone. The study found that lower solid wood energy densities caused higher relative costs for the total supply chain. A parallel phenomenon occurred with the required gross margin of the pellets, where lower energy content caused higher required gross margin for pellet sales. The gross margin was also sensitivity analyzed at different discount rates from 5% to 20%. At each required discount rate, the highest annual economic impact on the region was found for birch pellets, with values of 36.95 -42.66 million €. Spruce pellets had the smallest annual economic impact, although it had the highest final pellet price in the same cases. The different economic effects were caused by the energy volumes sold.
Introduction
The use of fossil fuels is still high in the world, causing global warming as a re-gas respectively from biomass [1] . Biomass is widely considered as an ideal energy resource for replacement of fossil fuels due to the zero carbon emission and renewable characteristics [2] . Nevertheless, biomass has a low energy density, which causes high transportation and handling costs. The key to resolving this problem is locating the energy conversion process close to a concentrated source of biomass [3] .
A bio-coal pellet plant is a modern and effective solution to increase the degree of local processing of biomass by pre-treatment and pelletization. Torrefaction was the principal pre-treatment process in this paper [4] . Torrefaction is a thermochemical treatment of biomass in the low-temperature range of 200˚C -300˚C [5] [6] . The aim of the treatment is to refine the biomass to a high-quality solid biofuel of high energy density that can be used for combustion purposes. Biomass loses relatively more oxygen and hydrogen than carbon during the torrefaction process when the calorific value of the raw material increases [7] . The lower heating value (LHV) of torrefied biomass is typically around 18 -23 MJ/kg [8] . The end product is a torrefied wood pellet with a high energy density whose handling and transportation are economical in the next steps of the supply chain [9] . The significant improvement in the energy density of the wood biomass can mean that transportation-related costs can be halved following torrefaction [10] .
The physical properties such as higher energy content and grindability make torrefied pellets suitable for co-firing with coal. A study by Ndibe et al. [11] suggests that torrefied pellets can be mixed with coal in pulverized coal furnace with high share up to 100% full conversion. An increasing number of industrialized nations have committed themselves to increase renewable energy source to lower their CO 2 emissions and bioenergy is a potential mid-term solution. Furthermore, since torrefied pellets could potentially replace the coal, the investment for the retrofit would be significantly lower than building a completely new energy system [12] . Thus, ultimately, torrefied pellets could be the potential solution to the energy transition towards low-carbon energy system.
The main aim of this paper was to determine the regional added value of a theoretical large-scale bio-coal pellet plant for the region of South Savo. The regional added value is the direct economic effects on the region from operation of the plant. A further goal was to compare the differences in economic impact arising from differing energy content of the raw wood material used. The total production volume of the plant was assumed to be 200,000 tons per year and the total capital investment of the plant was assumed to be 45.5 million euros based on the study by Svanberg et al. [13] . Karttunen et al. [14] studied the total regional socio-economic benefits of sawmill and bio-coal investments, which were supported by the intensive forest management at the South Savo region. As a Journal of Sustainable Bioenergy Systems result, the regional benefits could be annually 2.8% (150 M€) for GDP more than in BAU scenario by 2030 including multiplier effects [14] .
In the first part of the work, the annual raw material demand of the plant was calculated in solid cubic meters. Material demand was calculated for the four different raw wood materials studied based on their calorific values. In the second phase, the total supply costs were calculated by work stage for each raw material. In the third phase, the net present value (NPV) and internal rate of return (IRR) were used to determine the required gross margin for the pellet types produced. The gross margin was then examined more closely by sensitivity analysis for discount rates of 5%, 10%, 15%, and 20%. In the last phase, the final price for each pellet type was determined when the total supply costs were added to the required gross margin. The approach used enables comparison of the direct annual economic impact of the plant by raw material for the specific Finnish region studied. This paper extends earlier work by Föhr et al. [15] , which investigated manufacturing of torrefied pellets in a ton-scale pilot plant and determination of the energy content of pellets made from different wood species. This paper contributes to literature in the field because previous studies have not specifically considered the economic significance of bio-coal pellet plants on the region in which they are located. In addition, the effect of differences in raw wood materials on bio-coal pellet plants has remained a somewhat neglected topic, which is somewhat surprising as the energy content of the raw material decisively influences the profitability of pellet plants.
Regional Source Information
There is a lack of large-scale processing industries in many regions in Finland, particularly in northern and eastern areas, and this is also true for the region of South Savo, located in south-eastern Finland (Figure 1 ). The surface area of the region is 19,130 km 2 and it has a population of more than 147,000 people [16] .
South Savo is the most forested area in Finland and the economic importance of forests and forestry is significant. For example, in 2017, forest owners of South Savo had gross stumpage earnings of 261.2 million euros [16] . Currently, the region's pulpwood is not processed in South Savo but sold as raw wood for the pulp mills of neighboring regions. The total wood supply of the region of South Savo is shown in Figure 2 . In the figure, the total forest biomass supply is divided into different wood product groups. The total supply volume in 2017 was 7.44 million cubic meters. The total timber share was 3.66 million cubic meters and total pulpwood share 3.31 million cubic meters, respectively. Energy wood had the lowest share of 0.47 million cubic meters [17] .
The most interesting wood product groups from the perspective of this study are the pulpwood groups and energy wood, because they are potential raw materials for bio-coal pellet production as regard price and quality. According to statistics from the state Natural Resources Institute Finland, pine pulpwood in South Savo consists of Scots pine (Pinus sylvestris) and spruce pulpwood is Norway spruce (Picea abies). Hardwood pulpwood comprises only young birchwood species like downy birch (Betula pubescens) and silver birch (Betula pendula).
Energy wood contains mixed wood species and, usually, most of it is hardwood. Energy wood consists of different parts of the tree such as young delimbed stems, small whole trees and logging residues that are not suitable for industrial production [18] .
Material and Methods

Material
Young delimbed wood of early thinnings was used as the raw wood material of Journal of Sustainable Bioenergy Systems the plant. It is best known as pulpwood, which has a diameter at breast height (DBH) of 5 -15 cm and a length of 2.7 -5.0 m [19] . This kind of wood is not suitable for sawing due to its size and quality. The different raw wood materials used in the plant production modeling in this study were birch, spruce, pine and energy wood. They were chosen because they are the most common wood species in Finland. The energy wood is composed of mixed hardwood. The plant's raw wood material flow did not contain logging residues.
The bio-coal pellet plant's raw material supply chain starts from the forest.
First, trees of pulpwood size are felled by a felling machine in thinning operations and the delimbed stems are forwarded to a stack on the roadside ( Figure   3 ). The delimbed stems are then transported to the plant by a full-trailer log truck. Next, the delimbed stems are chipped in a transferable medium sized chipper at the plant. The produced woodchips are then transferred to torrefaction and pellet production. Finally, the finished bio-coal pellet products are distributed worldwide.
Methods
Energy Volume of Annual Production
The energy volume of annual production at the plant was determined individually for all three puplwoods and the energy wood. The plant's energy volume of annual production in megawatt-hours was calculated with Equation (1), which is taken from the publication of Alakangas et al. [20] :
0.02443 100 3.6
where W is energy volume of annual production, MWh, Q net,d is net calorific value on a dry basis, is also known as LHV, MJ/kg, M ar is moisture content as received, w-%, 0.02443 is a correction factor for the enthalpy of vaporization for water (moisture) at a temperature of 25˚C, MJ/kg per 1 w-% of moisture, 3.6 converts the unit MJ/kg into the MWh/t, m is annual production volume of the plant, in tons.
Equation (1) includes also the energy content calculation, which is shown in Equation (2). , 100 0.02443 100 3.6 The moisture content of all pellet products (M ar ) was set at 6.0% in the initial calculations. The selected moisture content is an average value of the torrefied pellets from the study of Föhr et al. [15] , which considered the same wood species as this study. LHV values are also taken from the same study [15] . The annual production volume of the bio-coal pellet plant (m) was assumed to be 200,000 tons and the same production volume was used for each wood product group. The study examined four alternative cases for raw material sources of the bio-coal pellet plant.
Raw Material Demand
The raw material demand of the bio-coal pellet plant was calculated at a plant energy efficiency of 90%. The energy efficiency of the plant was set based on the assumption of many researchers that mass loss of around 30% provides the best bio-coal pellet product in terms of calorific value [21] [22]. The energy loss for this mass loss is usually around 10% [23] .
The weight of the woodchips used annually was calculated when the factor m (annual production volume of the plant in tons) was solved from Equation (1).
The factor W (energy volume of annual production) is already known from previous calculations. In the weight calculations, the LHV of the woodchips (Q net,d ) was assumed to be the same as that of the end product itself, because total moisture content does not affect this value. The as-received moisture content of the woodchips (M ar = 51.5%) was the average value from the study of Föhr et al. [15] . The volume of woodchips was calculated by multiplying the weight of woodchips (m) by the average bulk density of 331 kg/m 3 [15] . Subsequently, the plant's raw material demand in cubic meter volume was obtained by multiplying the volume of woodchips by a factor of 0.4, which is a conversion value from the bulk volume to the cubic meter volume [20] [24] . Finally, the energy density of the solid wood was obtained by dividing the raw material need of the plant by the volume of solid wood.
Total Supply Costs
All supply cost data was allocated to the year 2017 in this study. Since young delimbed pulpwoods and delimbed energy wood were the cheapest source at market prices in the region of South Savo, they were chosen to be the raw wood materials for the bio-coal pellet plant. In 2017, the average stumpage price was The total costs of felling and forest transportation were taken from data for 2017 presented by Metsäteho Oy, a R&D organization owned by leading Finnish forest industry actors which has maintained annual statistics in this area [27] .
The above-mentioned costs formed the total stack cost at the roadside, which /km for long-distance transportation (>100 km), which was also taken from the statistics of Metsäteho Oy [27] . The required raw wood material was assumed to be available in the surrounding area of the plant within a radius of 160 km. The average transport distance for all raw wood materials was set at 80 kilometers [28] . Hence, the average transportation cost was 5.68 €/m 3 for all raw wood materials.
The average chipping cost was 6.8 €/m 3 for all raw wood materials, based on the study by Rinne [29] . Rinne assessed the costs of wood fuel chipping and crushing and this average chipping cost was for a medium-sized chipper at intermediate storage, which can be equated to the situation at the bio-coal pellet plant in this study.
The whole production costs of the bio-coal pellet plant were 9.86 €/MWh and the cost of pellet distribution was 3.01 €/MWh [13] . These costs were selected from the base scenario study of Svanberg et al. [13] , which also focused on torrefaction technology. The research of supply chain cost evaluation of a bio-coal pellet plant study can be considered in line with this study because the same scale was investigated at the plant level. In addition, the research used data for Sweden, whose costs and cost structure can be considered to correspond to those of the Finnish region studied in this work.
Required Gross Margin of Pellet
In this study, NPV and IRR were used to determine the required gross margins of each produced pellet type (Equation ( analyzed by different discount rates of 5%, 10%, 15%, and 20%. The plant's repayment period (t) was set at 20 years. The total investment cost of the plant (C 0 ) was 45.5 million euros. Using the model developed by the study of Svanberg et al. [13] , the total personnel requirement for the size of plant studied was 23 staff working on a full-time basis.
Final Price of Pellet and Annual Economic Impact
The final price of each produced pellet type was obtained by adding the total supply costs and the required gross margin (R). Finally, the annual economic impact of the bio-coal pellet plant was obtained by multiplying the final price of the pellet by the energy volume of annual production (W). These calculations were made by raw material specifically.
Results
Energy Volume of Annual Production
Production information of the bio-coal pellets is presented in Table 1 . The LHV of the bio-coal pellets (torrefied) was taken from the study of Föhr et al. [15] .
The energy contents of the pellets were calculated using Equation (2) . Equation
(1) was used in calculation of the energy volume of annual production. The raw material need of the plant was calculated with a production efficiency of 90%.
Thus, the calculated average raw material need of the plant was 1118 GWh annually.
Raw Material Demand
The raw material demand of the plant was calculated from the forest side for fresh wood. The calculation results of the weight and volume of woodchips, and the volume and energy density of solid wood are shown in Table 2 . Based on these values, the required average cubic meter volume to meet the plant's annual need was 596,000 m 
Total Supply Costs
Total supply costs for the different raw wood materials are shown in Figure 4 . 
Required Gross Margin of Pellet
The required gross margins of each produced pellet type are shown in Figure 5 .
The gross margin was sensitivity analyzed at discount rates of 5% (a), 10% (b), 15% (c) and 20% (d). The principle was that the plant investment is profitable when NPV ≥ 0 € and IRR ≥ discount rate. Figure 5 shows in the case of a discount rate of 5% that these financial circumstances were fulfilled when the gross margin was 3.6 €/MWh for pine and the energy wood pellets, 3.7 €/MWh for birch pellets, and 3.9 €/MWh for spruce pellets. In the case of a discount rate of 20%, the corresponding values were 9.1 €/MWh for pine and energy wood pellets, 9.4 €/MWh for birch pellets and 9.8 €/MWh for spruce pellets.
Final Pellet Price and Annual Economic Impact
The final prices of each produced pellet type and the annual economic impact of the plant for the Finnish region studied are shown in Figure 6 . The results of Figure 5 . Results of NPV and IRR for each produced pellet type at discount rates of 5% (a), 10% (b), 15% (c) and 20% (d). Figure 6 . Final prices of the pellets and the annual economic impact for the studied Finnish region. Gross margin of the pellets varied depending on the desired discount rate. Figure 6 are raw wood-specific and the gross margin of the pellets varied due to the desired discount rate from 5% to 20%. Figure 6 shows that, at each discount Journal of Sustainable Bioenergy Systems rate, the highest final price was obtained for spruce pellets and the lowest for energy wood pellets. However, at each discount rate, the annual economic impact was highest for the birch pellets and lowest for the spruce pellets.
Discussion
The main aim of the paper was to determine the direct annual economic impact of a large-scale bio-coal pellet plant on the Finnish region of South Savo and to analyze variation in economic impact resulting from differences in the energy content of the raw wood materials used. The theoretical total production volume of the plant was 200,000 tons per year and production efficiency of the plant was 90%. For this case scenario, the required average raw material need was about 596,000 m 3 based on the calculations of this study. This volume of raw material demand would increase annual felling capacity by 8% in the region of South Savo. It is also possible that the effect of the increased demand would be to increase the price of raw wood supply, which would cut into the rate of return, assuming no increase in pellet price. If the pellet price increased, then the plant would become less competitive relative to other pellet suppliers and other energy forms. It was also assumed that the raw wood material arrives at the plant at a moisture content of 51.5% and the plant produces bio-coal pellets of a moisture content of 6.0%.
In this study, the results for the bio-coal pellets showed that the energy con- [15] , so the starting values had a research base.
The study noted that lower energy densities of solid wood caused higher relative costs for the total supply chain. A particularly strong effect was seen in the costs of the work stages from the forest to the bio-coal pellet plant. Spruce wood had the highest relative unit costs, and the costs were greatly affected by energy density. The calculations showed that the same volume of wood passed through the supply chain for all the wood species, but differences in the energy density of the wood species caused changes in the relative unit costs. The same phenomenon was also noticed for the gross margin of the pellets. At each studied discount rate from 5% to 20%, the required gross margin was lowest for pine and energy wood pellets and highest for spruce pellets. The higher energy content allowed a lower required gross margin. The gross margin of the pellets was examined at varying discount rates in order to obtain a more nuanced picture of the effects and better reliability.
Depending on the raw material, the total supply costs of the bio-coal pellets Journal of Sustainable Bioenergy Systems were 31.03 -33.12 €/MWh. This study did not examine pellet production costs and distribution costs in detail since Svandberg et al. [13] inspected a Finnish bio-coal pellet plant with an annual production volume of 50,000 tons. It should be noted that in these studies the size of the bio-coal pellet plant has a strong impact on the total supply costs.
The calculations in this paper show that the final price of bringing the bio-coal pellets to the market is greatly affected by the raw wood material used. In this study, the lowest pellet price was obtained for energy wood and the highest for spruce at all studied discount rates. An interesting finding was that spruce pellets had the lowest direct annual economic impact on the region when taking into account the energy volumes of annual pellet sales. Sold energy volumes were seen to have a great influence on the annual economic impact on the region. For example, at a discount rate of 10%, the largest annual economic impact was found for birch pellets at 38.65 million €, followed by pine pellets at 38.00 million €, energy wood pellets at 37.37 million €, and spruce pellets at 37.03 million €.
Conclusion
This study investigated the direct annual economic impact of a large-scale bio-coal pellet plant by raw material for a specific Finnish region. It was found that the raw wood material had a major impact on the total supply costs of bio-coal pellets and the resulting profit. Both the energy content of the pellets and the energy density of the solid wood affected the overall profitability of the bio-coal pellet plant and its annual economic impact on the region. It is often assumed in published literature that one solid cubic meter of fresh wood contains two-megawatt hours of energy. This is only an assumption and different raw wood materials have energy content differences, which are mainly affected by the calorific value and moisture content of the wood. In this study, certain moisture content values were fixed in order to make the calculation results comparable. The study demonstrated that the differences in the raw wood material greatly affected the profitability of the bio-coal pellet plant and thus the economic benefit for the whole region. 
